Application of water stress to isolated spinach (Spinacia oleracea) ehloroplasts by redutcion of the osmotic potentials of C02 fixation media below -6 to -8 bars resulted in decreased rates of fixation regardless of solute composition. A decrease in C02 fixation rate of isolated chloroplasts was also found when leaves were dehydrated in air prior to chloroplast isolation. An inverse response of C02 fixation to osmotic potential of the fixation medium was found with chloroplasts isolated from dehydrated leaves-namely, fixation rate was inhibited at -8 bars, compared with -16 or -24 bars.
Despite the 4-fold increase in leaf resistance to C02 diffusion in the gas phase when the water potential of leaves was reduced from -6.5 to -14.0 bars, an additional increase of about 50% in mesophyll resistance was obtained. C02 concentration at compensation also increased when leaf water potential was reduced.
The control of the CO2 pathway from the atmosphere to chloroplasts of higher plants is usually divided into three physical resistances arranged in series. The boundary layer resistance (ra), the stomatal resistance (r,), and the mesophyll resistance (rm) (13, 14) . The mesophyll resistance includes, besides a resistance to CO2 diffusion in the liquid phase, the photochemical and biochemical resistances which take place inside the chloroplast.
It is known that increased plant water stress is followed by a decrease in the rate of photosynthesis (5, 11) . The contribution of the various resistances to this decrease is, however, still an enigma. Several authors concluded, mainly by 1 This work is a contribution from The Volcani Center, Agricultural Research Organization, Bet Dagan, Israel. 1972 Series No.
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analyzing leaf temperature and CO2 and H20 exchange rates, that the decline in photosynthesis at reduced leaf water potentials was due primarily to an increase in stomatal diffusion resistance (2, 5, 13, 29) . In some circumstances an increase in mesophyll resistance to CO, diffusion in the liquid phase was implied as a factor controlling photosynthesis under stress conditions (15, 24, 28) . Other investigators have shown a reduction in either photochemical or biochemical activities of the chloroplast itself when leaf water potentials were lowered (7, 12, 27) . Recently, we have shown (22) that a decrease in osmotic potentials inhibited CO2 fixation of isolated chloroplasts even at a saturating concentration of CO2 at the chloroplast surface.
Boyer (6) suggested that the rate of photosynthesis at leaf water potentials below -11 to -12 bars was limited by reduced photochemical activity of the leaves and not by CO2 diffusion rate or photosynthetic enzymes. The approach in the present work was to compare the response of CO2 fixation by intact leaves at different water potentials with that of chloroplasts isolated from the same leaves and subjected to different osmotic media. Thus, the direct contribution of chloroplasts to the decrease in photosynthesis under water stress may be revealed. Chloroplast isolation and CO2 fixation were carried out as described earlier (18, 22, 23) (10) . Air containing a mixture of`CO,2 and 'CO2 at different concentrations was flushed through the porometer for determining CO2 fixation of intact leaves (10) . The leaves were subjected to the poromoter atmosphere for about 1 min. The over-all (gas phase diffusion plus mesophyll) leaf resistance to CO, was calculated from the slope of the straight line relating CO2 fixation rate to CO2 concentration (8) .
MATERIALS AND METHODS

Spinach
The leaf mesophyll resistance was calculated by subtracting the gas phase diffusion resistance (calculated from transpiration rate and leaf temperature measurements) from the over-all leaf resistance. CO2 concentration at compensation point was obtained by extrapolation to zero of the line relating the rate of CO2 fixation to the external CO2 concentration.
Photosynthesis and transpiration measurements of intact leaves were conducted at 25 C and light intensity of 1500 ft-c supplied by iodine quartz lamps.
RESULTS
CO2 fixation by chloroplasts isolated from leaves of plants grown in nutrient solutions was inhibited when the osmotic potential of the fixation mixture was lowered from -6 to -24 bars (Fig. 1) . Inhibition increased more in the range of -6 to -11 bars, than below that range. At a potential of -24 bars, about 15% of the maximal fixation ability was still retained. Maximal CO2 fixation rate was obtained in most cases in the range of -6 to -8 bars. Figure 2 shows that the osmoticum of the fixation mixture had a distinct effect on CO2 fixation of chloroplasts at each osmotic potential. While the fixation rate at the control concentrations (equivalent to -6 bars) decreased with time, in both sucrose and NaCl, it increased in most cases in sorbitol, indicating that sorbitol was the most satisfactory medium for these determinations. A relative decrease in fixation rates (i.e., in slopes of Fig. 2 ) of 68, 67, and 60% for sorbitol, sucrose, and NaCl, respectively, was found between -6 and -16 bars during the time intervals when fixation rates were maximal. This indicates that in spite of specific solute effects, dehydration of chloroplasts was responsible for the inhibited CO2 fixation. CO2 fixation by chloroplasts from dehydrated detached leaves of nutritient-solution-grown plants was determined at optimal osmotic potential (-6 bars). Fixation rate of those chloroplasts was inhibited in both experiments to the same extent as that of chloroplasts which were directly exposed to stress in the CO2 fixation mixture (Table I ). The inhibition of the two stressed preparations was stronger during the steady state phase than during the lag phase. Figure 3 shows that chloroplasts isolated from detached dehydrated leaves exhibit an inverse response to osmotic potential of the CO2 fixation media, compared with those isolated from hydrated leaves. In chloroplasts of hydrated leaves, the fixation rate was inhibited when the osmotic potential of the fixation mixture was lowered (Fig. 3, a and c) . Although fixation was inhibited at all osmotic potentials in chloroplasts of dehydrated leaves, the inhibition was less at -24 or -16 bars than at -8 bars (Fig. 3, b and d) . It Boyer and Bowen (7), who compared CO2 fixation of intact sunflower leaves with oxygen evolution of chloroplasts isolated from them. A comparison of CO2 fixation by these two systems may be more substantial, since the photosynthetic quotient may be altered by water stress.
The simultaneous measurements of net photosynthesis and transpiration of intact leaves enabled us to calculate independently the gas phase and mesophyll resistances. Leaves at a water potential of -14 bars were still sensitive to increased CO2 concentrations, which does not coincide with Boyer's findings with sunflowers (6) . Although this indicates that the diffusion in the gaseous phase is limiting photosynthesis under this degree of stress, mesophyll resistance was found to increase considerably. The increase in mesophyll resistance was verified independently using two methods. One was Gaastra's method (13) , except that CO2 concentration at compensation point (r) was taken as the internal CO2 concentration instead of zero (10) ; the second was based on determination of the increase in r found in leaves subjected to water stress (Fig 4) . Such an increase was also found by Heath and Meidner (16) and by Redshaw and Meidner (24) . Since r is known to be independent of vapor phase resistance (8, 17) , it is clear that nonstomatal factors are involved. If r is really a product of mesophyll resistance and respiration (8, 20) , then its increase by reduction of water potential to -14 bars (Fig. 4) may be attributed either to the increase in mesophyll resistance or to decrease in respiration (24) . In our case, the increase in F (31 %) was smaller than the increase in mesophyll resistance (51 %, Fig. 4) , when plants were subjected to water stress. Thus, the increase in mesophyll resistance was more than sufficient to account for the increase in F, so that other components of mesophyll resistance which did not affect r were increased (8, 9) or respiration rate was decreased. That water stress increased mesophyll resistance can also be concluded from the fact that transpiration did not decrease more than CO2 fixation, as expected under increased vapor phase resistance.
The nature of the increase in mesophyll resistance is unclear, and the distinction of its various components is rather difficult. A 2-fold increase in liquid phase resistance was found in tobacco leaves when their relative water content fell from 96 to 86% (24) . In cotton leaves, no effect on liquid phase diffusion of CO2 was found even when relative water loss was much greater (29) . While this discrepancy may be due to structural differences of the mesophyll of the different species, it is more difficult to account for the discrepancies found in the literature concerning the degree of stress required to inhibit chloroplast activity. Fry (12) reported inhibition of Hill activity of chloroplasts isolated from cotton leaves which were at a water potential lower than -28 bars. Nir and PoljakoffMayber (21) reported a decrease in cyclic photophosphorylation and photoreduction of ferricyanide by chloroplasts isolated from flaccid leaves of Beta vulgaris. Santarius (25) found inhibition of NADP and phosphoglyceric acid reduction and ATP synthesis in fodder beet leaves only when they were subjected to extreme dehydration. We (22) have shown that photoreduction of NADP was unaffected after exposure of chloroplasts to osmotic stresses up to 1 M sorbitol. On the other hand, Boyer (6) concluded that inhibition of photochemical reactions was responsible for the limited photosynthesis of sunflower leaves at water potentials of only -1 1 to -12 bars.
Activities of ribulose 5-phosphate kinase and ribulose 1,5-diphosphate carboxylase were, however, much more sensitive to water stress than NADP reduction as found with isolated chloroplasts (22) . Good evidence was provided by Jensen and Bassham (19) Boyer (6) .
The similar quantitative response of CO2 fixation by intact leaves to reduced leaf water potential (Table II) implies that carboxylation resistance plays an important role in photosynthesis reduction under water stress. This was also indicated by other investigators on the basis of indirect evidence (15, 29) . It should be taken into account that exposure of chloroplasts to water stress within the cytoplasm may not be identical to exposure of isolated chloroplasts to osmotic potential of a solution ( Figs. 1 and 2 , Table I ). Chloroplasts within the cytoplasm were subjected not only to an osmotic potential, but also to turgor and matric potentials of the cell. However, a similar response of CO2 fixation of water potential is expected if the osmotic effect was due to dehydration. It should be noted that CO2 fixation by chloroplasts responded immediately to stress and could be reversed shortly after the retransfer of chloroplasts to the control osmotic potential (22) . However, when chloroplasts were subjected to stress in vivo, readjustment was only partial.
Tissue stress caused shrinkage of chloroplast volume and altered chloroplast structure. This can be seen from the inverse response of CO2 fixation to osmotic potential of the fixation medium which was observed in the two chloroplast preparations (Fig. 3) . This may be attributed to structural damages of chloroplasts from stressed leaves when subjected to milder osmotic potentials. This, in turn may cause a decrease in the PLAUT AN population of chloroplasts which are active in CO2 fixation, and lead to a decrease in CO, fixation on a chlorophyll basis.
In conclusion, the mesophyll resistance to photosynthesis under water stress could in part be a resistance to CO2 diffusion in the liquid phase. There is, however, evidence for the existence of a distinct resistance within the chloroplast which may be controlled by the intensity of stress at the time of the experiment, as well as by the previous history of the intact leaf.
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